Introduction
Wound tumour virus (WTV), rice dwarf virus (RDV) and rice gall dwarf virus (RGDV) are members of the Phytoreovirus genus of the family Reoviridae (Francki et al., 1985 (Francki et al., , 1991 and are similar in morphology, having icosahedral double-shelled particles of approximately 65 to 70 nm in diameter (Reddy & MacLeod, 1976; Uyeda & Shikata, 1982; Omura et al., 1982) . The genome of the three viruses consists of 12 dsRNA segments. The virions are composed of several structural proteins and have an RNA-dependent RNA polymerase (Reddy et al., 1977; Kodama & Suzuki, 1973; Yokoyama et al., 1984) . However, the three viruses differ in their biological properties, such as host range, vector specificity and pathogenicity (Shikata, 1981) . That is, RDV and RGDV are transmitted propagatively by leafhoppers, Nephotettix sp. and Recilia dorsalis, and infect only monocotyledonous plants; WTV is transmitted by agallian leafhoppers, and infects only dicotyledonous plants including sweet clover (Melilotus alba) . RGDV induces dwarfing and whitish galls, and WTV swelling of stems and root tumours. Both RGDV and WTV particles are localized in hyperplastic and hypertrophic phloem cells. On the other hand, RDV does not cause tumours, but typical symptoms on infected rice plants are stunting, chlorotic specks and yellowish-white streaks on the leaves.
Members of the family Reoviridae other than plant members, which include the orthoreoviruses, orbiviruses, rotaviruses and cypoviruses, have been shown to have short regions of terminal sequences conserved within a genus (Miura et al., 1974; Hastings & Millward, 1978; Li etal., 1980; McCrae, 1981 ; Antczaketal., 1982; Gaillard et al., 1982; Kuchino et al., 1982; Clarke & McCrae, 1983; McCrae & McCorquodale, 1983; Imai et al., 1983; Both et al., 1984; Payne & Mertens, 1983; Joklik, 1983; Mertens & Sangar, 1985) . In the case of WTV, the type species of the Phytoreovirus genus, the conserved 5'-terminal hexanucleotide and T-terminal tetranucleotide sequences are shared by all genome segments (Asamizu et al., 1985) . The terminal nucleotide sequences of dsRNA genome segments are of interest in relation to understanding mechanisms of transcription and replication initiation. Furthermore, the conserved terminal sequences may be important in sorting and packaging functions, in which only one copy of each segmented dsRNA genome is confined within a single particle (Anzola et al., 1987) . In this report, we have determined the 5'-and 3'-terminal sequences of the segmented dsRNA genomes of RDV and RGDV by direct RNA sequencing methods. The terminal sequences of the three viruses in the Phytoreovirus genus are compared and their relationships are discussed.
0001-0213 © 1991 SGM

H. Kudo, I. Uyeda and E. Shikata
M e t h o d s
Viruses, insects and plants. RDV was maintained in rice plants (cv. Norin no. 8) by periodical transfer using viruliferous N. cincticeps. RGDV was maintained in rice plants (cv. Taichung Native 1) by periodical transfer using viruliferous N. nigropietus.
Purification of genomie dsRNAs and transcripts. RDV and RGDV were purified from infected rice plants as described by Uyeda & Shikata (1982) and Omura et al. (1982) , respectively. A sucrose density gradient centrifugation step was omitted in the case of RGDV. Synthesis and preparation of viral transcripts from the purified RDV particles hi vitro, and extraction ofdsRNAs from the purified RDV and RGDV particles were done as previously described (Uyeda & Shikata, 1984) . The viral dsRNA was passed through a Sephadex G-50 column to remove oligonucleotides.
Labelling of the 5" termini of genomic dsRNA and transcripts. Purified dsRNAs and transcripts were dephosphorylated using calf intestine alkaline phosphatase (Boehringer Mannheim) and phosphorylated using [),-32P]ATP (3000 Ci/mmol; Amersham) and T4 polynucleotide kinase (Takara Shuzo).
Labelling of the 3" termini of genomic dsRNA. Genomic dsRNAs were labelled at their 3' termini using 3',5' bis-cytidine [32p]diphosphate (pCp; 3000 Ci/mnml ; Amersham) and T4 R NA ligase (Takara Shuzo) as described by England & Uhlenbeck (1978) .
Separation of the genome segments and transcripts.
The labelled dsRNA genome segments were separated by 10~ PAGE (Laemmli, 1970) , whereas the labelled transcripts were separated by 3 % PAGE in Tris-boric acid EDTA containing 8 M-urea as described previously (Uyeda & Shikata, 1984) . Individual segments were localized by autoradiography, eluted from the crushed gel (Smith, 1980) and precipitated by the addition of carrier tRNA and 2.5 volumes of ethanol.
Sequence analyses of terminally labelled RNAs
(i) Two-dimensional (2D) gel electrophoresis. Terminally labelled RNAs were partially hydrolysed in 100 mM-NaHCO3 for 1 h at 100 °C, followed by acid hydrolysis to open 2',3/-cyclic phosphodiesters (Nomoto & Imura, 1979; Nomoto et al., 1981) . Wandering spot analysis was carried out by two-dimensional (2D) PAGE (de Wachter & Fiers, 1972; Rensing & Schoenmakers, 1973) The sequence was read after autoradiography of the gel at 6 °C for 2 to 4 days.
(ii) Sequencing using base-specific ribonucleases. The 5'-terminal labelled RNAs were partially digested with base-specific RNase, or in alkaline solution (non-base-specific), and the products were subjected to PAGE L977) . RNase TI (G-specific) and U2 (Aspecific) were purchased from Sankyo, and RNase A (C + U-specific) was from Boehringer Mannheim. The RNAs were denatured by heating at 100°C for 10 rain and quickly chilled before enzymic digestion. RNA was electrophoresed on 20~ polyacrylamide gels (acrylamide:bisacrylamide 20:1) containing 6M-urea and 0-089 MTris-boric acid-EDTA buffer . The sequence was read after autoradiography of the gel at -20 °C for 2 to 4 days.
(iii) Terminal base analyses. The 5'-and T-terminal labelled RNAs were hydrolysed using nuclease P1 (Boehringer Mannheim) and RNase T2 (Yamasa Shoyu), respectively. The complete digests (5' or 3' nucleoside monophosphates) were analysed on a polyethyleneimine (PEI)-cellulose sheet developed in 0.4 M-LiC1 in a moist chamber. The terminal nucleotides were identified by autoradiography of the chromatographs.
Results
5'-Terminal labelling oJ genomic dsRNAs and transcripts of RDV, and their separation
The purified RDV genomic dsRNAs were radioactively labelled at their 5' termini. The individual genome segments were then separated by PAGE and localized by autoradiography (Fig. I a) . Genome segments 11 and 12 were separated better in this gel system than that in the Tris-acetate-EDTA buffer system described previously ( Terminal sequence of the Phytoreovirus genome 2859 segment was determined by PEI cellulose chromatography. When the genome dsRNAs of RDV were analysed after complete digestion with nuclease P1, radioactivity was detected predominantly in AMP (A) in all genome segments (Fig. l b) . There was a little incorporation into GMP (G) and none into CMP (C) or UMP (U). Incorporation of radioactivity into GMP was less than 50 ~ of that into AMP. The 5'-terminal labelled ssRNA viral transcripts were separated by 3~ PAGE and localized by autoradiography ( Fig. 1 c) . As reported previously (Uyeda & Shikata, 1984) , the RNA was separated into 11 bands, but the two largest bands, corresponding to genome segments 1 and 2, were not detected. When the transcript was completely digested with nuclease P1, the radioactive phosphate was incorporated exclusively into GMP (Fig. l d) .
Based on these results, we conclude that the 5' termini of the plus and minus strands are G and A, respectively.
Nucleotide sequence of the Y-terminal regions of the minus strand of" RD V genomic dsRNAs and their transcripts
The sequence of Y-terminal labelled genomic dsRNA segments of RDV was determined by two independent post-labelling procedures. A typical analysis by 2D PAGE is shown in Fig. 2(a) . The pattern of the wandering spot analysis could be resolved up to 10 nucleotide residues from the 5' terminus. To confirm the sequence, a base-specific RNase sequencing method was also carried out; however, this did not distinguish C and U. The 5'-terminal labelled nucleotide was determined to be adenosine (Fig. 2b ) which was consistent with the result of PEI-cellulose chromatography (Fig. 1 c) . Although a mixed pattern of spots derived from plus and minus strands was expected to be generated by the PEIcellulose chromatography analyses of the terminal nucleotide, only one sequence pattern was obtained. The Y-terminal sequences of all 12 segments were identical for the first four nucleotides, 5' AUCA---, except for the fourth residue of segment 9 which was G ( Table 1) . The sequences derived were those of a minus strand because they were complementary to the putative conserved 3'-terminal tetranucleotide, ---UGAU 3', which had been found previously in eight other RDV genome segments (Uyedaetal., 1987 (Uyedaetal., , 1989 (Uyedaetal., , 1990 Omuraetal., 1988 Omuraetal., , 1989 Suzuki et al., 1989 Suzuki et al., , 1990a Fukumoto et al., 1989; Nakashima et al., 1990; Yamada et al., 1990) .
5'-Terminal labelled transcripts of 10 of the 12 segments of RDV were also analysed by 2D PAGE and base-specific RNase sequencing. Fig. 2(c and d) shows analyses of the transcripts of segment 3. The sequence was determined to be 5' GGCAAAAUCG---. Analysis of transcripts of the 10 segments showed that there were two 5'-terminal hexanucleotide sequences, 5' GGUAAA---and 5' GGCAAA--- (Table 2) . Although the Y-terminal nucleotide identified by both PEIcellulose chromatography (Fig. 1 d) and analysis of basespecific RNase sequencing was G, the position of the first or second nucleotide in 2D PAGE differed from the expected position of G. The reason for this inconsistency is not known. It is possible that the first and second bases of the 5" termini of the transcripts are modified. Anzola et al. (1987) .
t The conserved Y-terminal tetranucleotide sequences are shown in bold. (1987) .
~" The conserved 5'-terminal tetranucleotide sequences are shown in bold.
3"-Terminal sequence of RD V genomic dsRNA segments
The 12 RDV genomic dsRNA segments, labelled at their 3' termini with p2P]pCp, were separated electrophoretically. The 3'-terminal nucleotide of all segments was determined by PEI--cellulose chromatography after complete digestion with RNase T2. As shown in Fig.  1 (e) , each dsRNA segment had the same T-terminal nucleotides, C and U. These data were consistent with the analysis of 5' terminal labelled dsRNA genome segments and transcripts, and it was concluded that that the 5' and 3' termini of the plus strands of all segments were G and U, respectively.
Without separation of the plus and minus strands, all the dsRNA segments labelled at their 3' termini were partially hydrolysed in alkali and analysed by 2D PAGE. As shown by the analysis of genome segment 11, the digest resolved into two distinct tracks (Fig. 2e) . The top two spots, which migrated at the position of dinucleotide diphosphate in the second-dimension, corresponded to U(pCp) and C(pCp). The sequences were compared with the 3'-terminal sequence, without the pCp added by T4 RNA ligase. The nucleotides resolved into two distinct tracks, indicated by the solid (the terminus of which is C) and the broken (the terminus of which is U) lines. The shift in the mobility of the solid and broken lines could be interpreted as ---A U C A U U U A C C 3' and ---CAUCU-C U G A U 3', respectively. These two sequences agreed with the complementary sequences of the Y-terminal regions of the plus and minus strands of segment 11 determined by analyses of Y-terminal labelled genomic and transcript RNAs. When genome segment 1 was analysed similarly, two tracks were interpreted as ---A U C A U U U G C C 3' and ---C A U A U A U G A U 3' (Fig.  2f) . These sequences represent those of the T-termini of the minus and plus strands. The 5'-terminal sequences obtained for all the genome segments of RDV showed that there are two types of conserved hexanucleotides, 5' G G U A A A ---and 5' GGCAAA---. The results are summarized in Tables 1  and 2 .
5' or 3'-terminal labelling of genomic dsRNAs of RGD V, and segment separation
The purified genomic dsRNAs of R G D V were radioactively labelled at their 5' or 3' termini. The individual genome segments were separated by P A G E and localized as for RDV. Segments 2 and 3 migrated similarly and were difficult to separate completely (Fig. 3a) . Although the wandering spot analyses of segment 3 showed that it was contaminated with segment 2, a track of the spots could be read without ambiguity. The terminal nucleotide of the plus and minus strands was determined by PEI-cellulose chromatography.
When the 5'-terminal labelled dsRNA genomic segments were analysed, radioactivity was detected predominantly in A for all segments. There was a little incorporation into G and none into C and U (Fig. 3b) . Incorporation of radioactivity into G was less than 5 0~ of that into A. When the 3'-terminal labelled dsRNA genomic segments were analysed, the radioactive phosphate was equally incorporated into C and U in all the segments (Fig. 3c) .
Nucleotide sequence of the Y-terminal region of the minus strand of RGD V genomic dsRNA
The sequence of the Y-terminal labelled dsRNA of all segments was determined by 2D PAGE. Fig. 4(a) shows the sequence analysis of genome segment 1; all 12 segments showed the same pattern for the first four nucleotides, ---ACUA 3'. The 5'-terminal nucleotide was determined to be A by PEI-cellulose chromatography (Fig. 3b) . We assumed that the 5'-terminal sequence obtained was that of the minus strand, because the sequence of the first four nucleotides was identical to those of RDV and WTV. These results are described in Table 1 .
Nucleotide sequence of 3'-terminal regions of the plus and minus strands of RGD V
The sequences of 3'-terminal labelled dsRNA of all the genome segments were determined by 2D PAGE. The top two spots, which migrated at the position of dinucleotide diphosphate in the second dimension, corresponded to U(pCp) and C(pCp), as identified by PEI-cellulose chromatography. Fig. 4(b and c) show autoradiographs of T-terminal labelled dsRNA of genome segments 1 and 12. When genome segment 1 was analysed, the mobility shift of the solid and broken lines (Fig. 4b) , whereas those for segment 12 could be interpreted as ---UAAAAAU ACC 3' and ---A A A A A A U G A U 3', respectively (Fig. 4e) . The sequence of the broken line was complementary to the sequences obtained by analyses of 5'-terminal labelled genomic RNAs. Thus, this is concluded to be the sequence of the Y-terminal region of the minus strand. These results are summarized in Tables 1 and 2 . Analyses of all 12 genome segments showed that the T-terminal sequence of the minus strand is of two types, 5' G G U A U U U U ---and 5' G G C A U U U U ---in the plus strand sense, except for segment 5, for which 5' G G U A A U U U ---was obtained.
could be interpreted as ---A A A A A A U G C C 3' and ---A A A U A U U G A U 3', respectively
Conserved terminal sequenees
The terminal sequences obtained for all the genome segments of RDV and R G D V were compared with those of WTV (Anzola et al., 1987) . All the genome segments of the three viruses were found to have an identical 3'-terminal tetranucleotide sequence, ---U G A U 3' (Table  1) , except for the genome segment 9 of RDV. Two types of conserved tetranucleotide sequence were present in the Y-terminal region of the three viruses. These were 5' G G U A ---and 5' GGCA---( Table 2 ). One of the 5'-terminally conserved sequences, 5' GGUA---, was present in all the genome segments of WTV, whereas it was present in five and 10 segments of RDV and RGDV, et al., 1985) ; Orbivirus, BTV, bluetongue virus (Mertens & Sangar, 1985) ; Rotavirus (Imai et al., 1982; Both et aL, t984) ; Cypovirus, (Kuchino et al., 1982) ; plant reoviruses, WTV (Anzola et al., 1987) , RDV, RGDV and RBSDV (Azuhata et al., 1990) ; MRDV (Marzachi et al., 1991) .
1" Only the sequences of RBSDV genome segment 10 and MRDV genome segments 6, 7, and 8 were determined.
respectively. The other conserved sequence, 5' G G C A ---, was present in seven genome segments of RDV and two of RGDV,
The conserved sequence at both the 5' and 3' termini of members of the Phytoreovirus genus were compared with those of other viruses of the family Reoviridae (Table 3 ). The conserved terminal sequences of members
Phytoreovirus and Orthoreovirus (McCrae, 1981; Antczak et al., 1982) , Orbivirus (Mertens & Sangar, 1985) , Rotavirus (Imai et al., 1983; Both et al., 1984) and cytoplasmic polyhedrosis virus (CPV) (Kuchino et al., 1982) showed that there was no homology for either terminal sequence. of the genus Phytoreovirus were different from those of two fijiviruses, rice black streak dwarf virus (RBSDV) genome segment 10 and maize rough dwarf virus (MRDV) genome segments 6, 7 and 8 (Azuhata et al., 1990; Marzachi et al., 1991) . Comparison of the genera
Inverted repeat sequences
The putative segment-specific inverted repeat sequences were found in the terminal regions of all the segments of both RDV and RGDV ( Fig. 5 and 6 ). The inverted repeat consists of between five and 12 almost identical base pairs adjacent to the conserved terminal nucleotide sequences shared by all 12 genome segments.
Discussion
We determined the 5'-and T-terminal sequences of all 12 dsRNA genome segments of RDV and RGDV by direct RNA sequencing methods, and compared them with the terminal sequences of WTV, another member of the Phytoreovirus genus. The terminal sequences of several segments of RDV and RGDV have been determined by Omura et al. (1988 Omura et al. ( , 1989 , Fukumoto et al. (1989) , Nakashima et al. (1990) and Koganezawa et al. (1990) using apparently full-length cDNA clones. The direct RNA analyses presented here confirmed the terminal sequences of several of the RDV and RGDV genome segments determined previously. The Y-terminal conserved sequence of the plus strand, ---UGAU Y, was shared by all segments of all three viruses, except for segment 9 of RDV, which had the 3'-terminal sequence ---CGAU 3' (Table 1) . These results showed a close relationship between the three viruses. The Y-terminal sequence of the plus strand is expected to play a significant role in the initiation of minus strand synthesis. Thus, this identical terminal sequence suggests that the viruses could share a similar replication mechanism.
On the other hand, the Y-terminal region of the 12 genome segments of the three viruses is of two types, 5' GGUA---and 5' GGCA--- (Table 2) . These results also indicate the close relationship among the three viruses. Y-Terminal sequences which extend to a non-conserved region of RGDV show more similarity to those of WTV than to those of RDV; RGDV and WTV have U-rich sequences, whereas RDV has A-rich sequences. Furthermore, the conserved Y-terminal hexanucleotide of all segments of WTV was shared by nine segments of RGDV. These results suggest a closer relationship between RGDV and WTV. H. Kudo, I. Uyeda and E. Shikata In all genome segments of WTV, both 3'-and 5'-terminal sequences are strictly conserved. However, the requirement for such conservation for R D V and R G D V multiplication may be less stringent than for that of WTV. A similar variation in both terminally conserved sequences was found in those of the Rotavirus genus (Both et al., 1984; Erst & Duhl, 1989; K u m a r et al., 1989; Mitchell & Both, 1990) .
Analysis of both terminal sequences of all genome segments of RDV and R G D V revealed an imperfect segment-specific inverted repeat which consists of between five and 10 nucleotides immediately adjacent to the conserved sequences. In the case of the W T V genome, a segment-specific inverted repeat sequence consisting of between six and 10 nucleotides has been identified in the same region. The terminal domain involving the conserved sequences and the segmentspecific inverted repeat sequences is considered to play a significant role in molecular sorting and packaging of d s R N A genome segments (Anzola et al., 1987) . Since a similar structure is found within the terminal domains of the R D V and R G D V genome segments, these may play the same functional roles as those of WTV.
When the 5' termini of the genomic dsRNAs of RDV and R G D V were labelled with [7-32p]ATP using polynucleotide kinase, incorporation of radioactivity into G of the plus strand was less than 5 0~ of that into A of the minus strand. This may be due to the preference of polynucleotide kinase for A. Another possibility is that some of the molecules of the plus strand are blocked or modified, so that they are not accessible to polynucleotide kinase. Although one possible modification of the 5' terminus is a cap structure, no such structure has been identified so far in the plus strand of the genomic d s R N A of plant reoviruses; tobacco acid pyrophosphatase treatment of the d s R N A segments before the kinase reaction did not increase the incorporation of radioactivity into G (I. Uyeda, unpublished results). The precise nature of the 5' terminus awaits further analysis. Similarly, there has been no report that the 5' termini of the RDV transcripts are capped. Although the transcript preparation used in this study was synthesized in the presence of S-adenosyl methionine, we have not identified the cap structure.
The three Phytoreoviruses have a genome consisting of 12 d s R N A segments of similar size (Fig. 7) . It is evident from the high level of sequence similarity in the terminal regions that the three Phytoreoviruses have a common ancestral origin. The plant host range and insect vectors of R D V and R G D V are similar to each other, but those of W T V differ. However, R G D V and W T V show a common characteristic feature, in that the virus particles are restricted to the phloem and gall cells of infected plants. Furthermore, the terminal sequences of R G D V are more similar to those of WTV than those of RDV. These results suggest that R G D V may be more closely related to W T V than to RDV, but further sequence analysis will be needed to confirm this.
